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In this talk I review recent developments in superstring theory. In the first half of the talk I discuss some of the earlier developments 
in this subject. This includes a review of the status of string theory as a unified theory of gravity and other interactions, the role of 
duality in string theory, and application of string theory to the problem of information loss near a black hole. In the second half of 
the talk I review the developments of the last two years. This includes application of duality symmetries, Matrix theory, Maldacena 
conjecture, and derivation of gauge theory results from string theory. In choosing the list of topics for this talk, I have focussed on 
those which are likely to be of some interest to non-string theorists, thereby leaving out many of the marvelous technical results in 
this subject. 
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1 Earlier Developments 

1.1 String Theory and Quantum Gravity 

As we all know, quantum field theory has been extremely 
successful in providing a description of elementary par- 
ticles and their interactions. However, it does not work 
so well for gravity. If we naively try to quantize gen- 
eral relativity — which is a classical field theory — using 
the methods of quantum field theory, we run into diver- 
gences which cannot be removed by using the conven- 
tional renormalization techniques of quantum field the- 
ory. An example of such a divergent graph contributing 
to e~ — e~ scattering has been shown in Fig.[jJ 



Figure 1: Divergent contribution to e~ — e~ scattering in quantum 
general relativity. In this diagram the solid lines denote the electron 
propagator and the broken lines denote graviton propagator. 

String theory is an attempt to solve this problemB 
The basic idea in string theory is quite simple. According 
to string theory, different elementary particles, instead of 
being point like objects, are different vibrational modes 
of a string. Fig.|| shows some of the oscillation modes of 
closed strings and open strings. However, the typical size 
of a string is extremely small, being of the order of the 



Planck length (~ 10 



-33, 



Thus in all present day ex- 



periments these will appear to be point-like objects, and 
string theory will be indistinguishable from an ordinary 
quantum field theory 

This simple idea has drastic consequences. One finds 

that 

• A consistent quantum string theory does not suffer 
from any ultraviolet divergences. 





Figure 2: Some vibrational modes of closed and open strings 



• The spectrum of such a string theory automatically 
contains a massless spin two state which has all the 
properties of a graviton — the mediator of gravita- 
tional interaction. 

Thus string theory automatically gives us a finite quan- 
tum theory of gravity! However, there are problems in 
the immediate application of string theory to our world. 
One finds that: 

• String theory is consistent only in (9+1) dimen- 
sional space-time instead of the (3+1) dimensional 
space-time in which we live. 

• Instead of a single string theory there are five con- 
sistent string theories in (9+1) dimensions. They 
are named as: 

Type IIA, Type IIB, Type I, 
E$ x E$ heterotic and SO (32) heterotic 

As we shall see, the first problem is resolved using the 
idea of compactification. The second problem is partially 
resolved using the idea of duality. 
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1.2 Compactification 



1.3 Duality Symmetries of String Theory 



The idea of compactification is quite simple. Although 
consistency of string theory tells us that it must live in 
(9+1) dimensions, there is no need for all the 9 space- 
like directions to be of infinite extent. Instead we can 
take six of them to be small and compact, and the other 
three to be of infinite extent. As long as the sizes of 
the compact directions are smaller than the resolution of 
the most powerful microscope (the accelerators), we shall 
not be able to see these extra directions and the world 
will look (3+1) dimensional. This has been explained in 
Fig.^ by a toy example. Here we have an intrinsically 
two dimensional surface, but one of the two directions 
is taken to be a circle of small radius. For sufficiently 
small radius of the circle, this two dimensional cylinder 
appears to be a one dimensional space. 



Figure 3: Example of Compactification. The two dimensional 
cylinder appears to be one dimensional if the radius is very small. 

It turns out that there are many different choices 
for this six dimensional compact manifold. Thus each of 
the five string theories in (9+1) dimensions gives rise to 
many possible string theories in (3+1) dimensions after 
compactification. Some of these theories come tantaliz- 
ingly close to the observed universe. In particular one 
can construct models with: 

• Gauge group containing the standard model gauge 
group SU(3) x SU(2) x U(l), 

• Chiral fermions representing three generations of 
quarks and leptons, 

• N=l supersymmetry, 

• Gravity. 

Furthermore unlike conventional quantum field theories 
which are ultraviolet divergent but renormalizable, and 
quantum general relativity which is ultraviolet divergent 
and not renormalizable, string theories have no ultravio- 
let divergence at all! 



Existence of duality symmetries in string theory started 
out as a conjecture and still remains a conjecture. How- 
ever so many non-trivial tests of these conjectures have 
been performed by now that most people in the field are 
convinced of the validity of these conjectures. A review 
of this subject and more references can be found in refp. 

A duality conjecture is a statement of equivalence 
between two or more apparently different string theories. 
Two of the most important features of duality are as 
follows: 

• Often under the duality map, an elementary parti- 
cle in one theory gets mapped to a composite par- 
ticle in a dual theory and vice versa. Thus classi- 
fication of particles into elementary and composite 
loses significance as it depends on which particular 
theory we use to describe the system. 

• Often duality relates a weakly coupled string the- 
ory to a strongly coupled string theory and vice 
versa. In many simple cases the coupling constants 
g and g in the two theories are related via the sim- 
ple relation: 

g = g- x - (i) 

Thus a perturbation expansion in g contains infor- 
mation about non-perturbative effects in the dual 
theory. In particular the tree level (classical) re- 
sults in one theory can contain contribution from 
perturbative and non-perturbative terms in the 
dual theory. This also clearly shows that duality 
is a property of the full quantum string theory, and 
not of its classical limit. 

Thus there are two aspects of duality 

elementary <-> composite 
classical <-» quantum 
Let me now give some examples of dual pairs of string 
theories. 

• (9+1) dimensional SO(32) heterotic and type I 
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leories are conjectured to be dual to each 



• SO (32) heterotic string theory compactified on a 
four dimensional torus (denoted as T 4 ) is conjec- 
tured to be dual to type IIA string theory com- 
pactified on a different four dimensional manifold, 
denoted by K3B 

• Type IIB string theory is conjectured to be self- 
dual, in the sense that the type IIB string theo- 
ries at two different couplings g and g related by 
eq.(|l|) are conjectured to describe the same physical 
theorytil 
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• Hcterotic string theory compactified on a six di- 
mensional torus, denoted by T 6 , is cordectured to 
be self-dual in the same sense as aboveoQ 



IIA 




SO(32) 
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Figure 4: Moduli space of unified string theory. The shaded regions 
denote weakly coupled string theories, and can be studied using 
perturbation theory. Most of the region in the U-theory moduli 
space, depicted in white, does not admit such a description. 



Due to the fact that a duality conjecture relates two 
apparently different theories, we see that it gives a unified 
picture of all string theories. The situation is summarized 
in Fig.||||| According to this picture the apparently dif- 
ferent string theories and their compactifications are just 
different limits of the same theory, with a large param- 
eter space.^] There is no universally accepted name for 
this central theory, — I have chosen to call it [/-theory 
for the purpose of this talk. U can be taken to stand for 
Unknown or Unified. Some small regions of the parame- 
ter space of [/-theory, which can be represented by some 
weakly coupled string theory, are reasonably well under- 
stood. This has been denoted by the shaded regions in 
Fig.^, and correspond to the weak coupling regime of the 
five different string theories and their compactifications. 
But for most of the parameter space U -theory does not 
have a description in terms of weakly coupled string the- 
ory. Note that in one corner of the paramete: 
[/-theory, there is a theory called M-theory 
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a One should keep in mind that this is only a schematic representa- 
tion. Each string theory gives rise to many weakly coupled string 
theories after compactification. Also different compactifications of 
a string theory may be separated by infinite distance in the moduli 
space if in order to go from one to the other one needs to pass 
through the decompactification limit. Finally, not all components 
of [/-theory may belong to the same moduli space, i.e. there may 
not be a continuous path connecting them such thalr-pach point on 
the path represents a solution of the field equations but it is ex- 
pected that they are all connected via intermediate configurations 
which are not necessarily solutions of field equations. 
b In string theory parameters themselves are related to vacuum ex- 
pectation values of different fields and are expected to be deter- 
mined dynamically. 



which has not been introduced before. At present not 
much is known about M-theory except that its low en- 
ergy limit is the eleven dimensional supergravity theory, 
and that various string theories and their compactifica- 
tions approach M-theory in certain limits. However, un- 
like string theory, M-theory does not have any coupling 
constant, and no systematic procedure for doing compu- 
tations in M-theory beyond the low energy supergravity 
limit is known. (As we shall discuss later, Matrix theory 
is an attempt in this direction.) It is generally believed 
that due to the absence of a coupling constant, under- 
standing M-theory will require a full understanding of 
[/-theory, and for this reason [/-theory has often been 
identified with M-theory. However, we shall keep the 
distinction between the two, and reserve the name M- 
theory for the unknown eleven dimensional theory which 
arises in a certain limit of U -theory. 

Finally we note that since duality typically relates a 
strongly coupled string theory to a weakly coupled string 
theory, and since at present there is no independent de- 
scription of string theory at strong coupling, we cannot 
prove duality. However one can device various tests of 
duality by working out various consequences of a duality 
conjecture, and then verifying these predictions by ex- 
plicit computation. Often such predictions take the form 
of highly non-trivial mathematical .identities which can 
nevertheless be proved. (See refsEjO'LJ for specific ex- 
amples.) As I have already stated, as a result of many 
such tests, most people in the field now take it for granted 
that duality is a genuine symmetry of string theory. 

1.4 String Theory and the Information Loss Puzzle 

Black holes are classical solutions of general relativity, 
and its extensions like string theory. They can be formed 
by collapse of matter under its own gravitational pull, or 
can be primordial, formed at the time of the big bang. 
Classically black holes are completely black, in the sense 
that they absorb everything that falls within a certain ra- 
dius (known as the event horizon) and nothing can come 
out of a black hole once it is inside the event horizon. 
However this picture changes dramatically in quantum 
t.Vipnry Tt has been argued by Hawking, Bekenstein and 
others E3E3 that in quantum theory a black hole behaves 
as a perfect black body at finite temperature (inversely 
proportional to its mass). In particular, 

• Black holes emit thermal black body radiation. 

• Black holes carry entropy proportional to the area 
of its event horizon. 

This thermal description of the black hole can cause po- 
tential conflict with quantum mechanics and give rise to 
the information loss puzzle. For this let us consider the 
following thought experiment. 
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• we start with a pure quantum state in the s-wave 
and let is collapse under its own gravitational pull 
to form a black hole. 

• We then wait till it evaporates via Hawking radia- 
tion. 

Since the Hawking radiation is thermal, the final state 
represents a mixed state. Thus the net result of this 
process is the evolution of a pure quantum state into a 
mixed state. In particular, most of the information about 
the initial state (except its mass and gauge charges) are 
lost during the process. This is certainly in conflict with 
the fundamental principles of quantum mechanics. 

In order to put things in perspective, let us note that 
all hot objects emit thermal radiation, but they do not 
violate the principles of quantum mechanics. The main 
(apparent) difference from the case of the black hole is 
that for an ordinary hot object the thermal description 
is merely a matter of convenience, and represents our in- 
ability to explicitly study the quantum mechanics of large 
number of particles. Thus we choose to give a statistical 
description of the object by averaging over microstates. 
However we can, in principle, give a completely micro- 
scopic description of the radiation in terms of quantum 
scattering processes occuring inside the object. 

The absence of such a microscopic description in case 
of thermal radiation from a black hole is the main cause 
of the information loss puzzle. Thus if one could provide 
a microscopic description of the Bckcnstein entropy and 
Hawking radiation of a black hole in terms of quantum 
states of the hole and their scattering respectively, then 
the thermal radiation from the black hole will be on the 
same footing as the radiation from any other hot object; 
and the information loss problem will disappear. This is 
precisely what string theorists have attempted to do and 
have been partially successsful. It was found that for a 
special class of black holes: 

• One can count the number of quantum states N of 
these black holes and show that:E3o't2l 

S BH = ln(iV) , (2) 

where Sbh is the Bekenstein-Hawking entropy of a 
black hole and N is the degeneracy of states of the 
black hole carrying certain quantum numbers. This 
gives a microscopic explanation of the Bekenstein- 
Hawking entropy of the black hole. 

• One can compute the rate of Hawking radiation 
from these black holes due to quantum scatter- 
ing processes inside the hole and show that the 
rate agrees precisely with the Hawking radiation 



formulacilt3 ■BBS Thus this provides a microscopic 
explanation of Hawking radiation^ 

Although these calculations have been done for a special 
class of black holes for special regions in the parameter 
space, at least this gives us hope that in string theory, 
the phenomenon of Hawking radiation and the entropy 
of a black hole are firmly embedded within the usual 
principles of quantum mechanics. 

2 Recent Developments 

Much of the recent development in the subject have fo- 
cussed on the study of the strong coupling regime of 
string theory, which might also be described as the study 
of [/-theory. We shall describe some of these approaches 
here. 

2.1 Application of Duality to Deriving U-theory Effec- 
tive Action 

This approach is best understood with the help of Fig.[|. 
As we have said earlier, the shaded regions in this dia- 
gram denote various weakly coupled string theories, and 
hence various quantities of interest can be computed in 
these regions using string perturbation theory. Given 
these results, one can try to guess the exact form of the 
answer for these quantities by demanding that it cor- 
rectly interpolates between the known results in various 
shaded regions, and is consistent with various duality 
symmetries and known perturbative non-renormalization 
theorems. This approach has yielded several concrete re- 
sults in [/-theory. Thus for example, this has been used 
to deduce the correct form of some specific terms in the 
effective action of type TTB Stdftg theory compactified on 
tori of various dimcnsionsc3'E£rEZI Here we quote one such 
term in the effective action of type IIB string theory: 

3 , 314 l — 7 . ~, J d w xV-detgE(T,?)ll\ (3) 

where g^ v denotes the metric, 1Z is a specific scalar con- 
structed from the fourth power of the Riemann curvature 
tensor, t is a complex scalar field, a' is related to the 
string tension Ts as Ts = (2ira')^ 1 , and 

E(T,f) = (Imr)i^ 1 (4) 

£' denotes sum over all integers m, n except for m = 
n = 0. These terms contain both perturbative and non- 
perturbative contributions from the viewpoint of type 

c In both these computations the microscopic computation is done 
in a region of the parameter space where gravity is weak, and then 
continued to the regime of strong gravity with the help of a non- 
renormalization theorem. 
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IIB string theory, and whereas the perturbative terms 
could be explicitly derived using string perturbation the- 
ory, the non-perturbative terms are novel results which 
are beyond the reach of string perturbation theory. 

Of all the attempts to understand [/-theory, this 
approach has been the most successful one in deriving 
concrete new quantitative results in [/-theory. Unfor- 
tunately this approach probably can be used to derive 
only a limited set of terms in the [/-theory effective 
action — terms which enjoy some sort of perturbative 
non-renormalization theorem — since such guesswork be- 
comes quite difficult as one considers more general terms 
in the effective action of [/-theory. 

2.2 Matrix Theory 

Going back to Fig.||, we notice that in one corner of the 
moduli space of [/-theory is a theory called A/-theory 
living in eleven space-time dimensions. We have said 
earlier that not much is known about this theory, ex- 
cept that its low energy limit is the eleven dimensional 
supergravity theory. This theory does not contain any 
freely adjustable coupling constant, and hence there is 
no systematic perturbation expansion which allows us to 
compute amplitudes beyond the low energy supergravity 
approximation. Matrix theory is an attempt to give a 
nonperturbative definition of M-theoryE3 Since most of 
the known regions of [/-theory can be regarded as some 
sort of compactification of Af-theory, there is also a hope 
that by giving a non-perturbativ e defin i t ion of Ai-theory 
and its various compactificationsoEffilo one might be 
able to give a description of the full [/-theory. 

In order to understand the basic proposal of Matrix 
theory, let us consider a specific scattering process in 
M -theory. Instead of trying to compute the amplitude 
in the center of momentum frame, we consider a frame 
which is boosted by a large (infinite) amount relative to 
the center of momentum frame in some given direction. 
This frame is sometime known as the infinite momentum 
frame or the light-cone frame, as all external particles 
participating in the scattering process travels with infi- 
nite momentum along the forward light-cone. According 
to the Matrix theory proposal M-theory in the infinite 
momentum frame is equivalent to a quantum mechanical 
system in the sense that computation of every scatter- 
ing amplitude in M-theory can be mapped to the com- 
putation of an appropriate correlation function in this 
quantum mechanical system. The fundamental degrees 
of freedom of this quantum mechanical system are N x N 
matrices, the Hamiltonian is that of a particular super- 
symmetric quantum mechanics, and we need to take the 
limit N — > oo at the end of the calculation. 

Since the Hamiltonian of this quantum mechanical 
system is given, this in principle gives an algorithm to 



compute any amplitude in Af -theory, and thereby pro- 
vides a non-perturbative definition of Af-theory. The 
most obvious consistency check that this proposal can 
be subjected to is that in the low energy limit, the 
amplitudes computed from the matrix theory proposal 
should agree with those computed from eleven dimen- 
sional supprgpyity This has been tested in many 
examplesl23'OE3G3 Unfortunately, the complexity of ma- 
trix quantum mechanics has so far prevented us from 
deriving any new quantitative result about M-theory us- 
ing Matrix theory. In particular, the large N limit of this 
quantum mechanical system is not well understood. Al- 
though it has not affected the computations which have 
been done so far, it has been suggested that the full agree- 
ment between the supergravity and matrix theory com- 
putations may involve subtle effects of the largja^fimit 
when we consider more complicated amplitudes! 3 IWrHr ! 
For these reasons, Matrix theory is still in its infancy. It 
would indeed be interesting to see if Matrix theory can be 
used to derive some of the terms in [/-theory, which have 
been derived using the approach outlined in the previous 
section. 

2.3 Maldacena Conjecture 

A third approach to the study of U -theory is based on the 
discovery of a new relationship between some region of U- 
theory, and ordinary quantum field theories. This_aeries 
of conjectures was first put forward by Maldacenapil and 
hence is now known as the Maldacena conjecture. In 
this talk I shall focus on only one of these conjectures. It 
states that: 

Type IIB string theory on S 5 x AdS§ is equivalent to 
Af = 4 super symmetric SU(N) gauge theory in (3+1) 
dimensions. 

Since this conjecture involves several terms which 
might not be familiar, let me try to define each of these 
terms. First of all S 5 denotes a five dimensional sphere, 
which might be described by its embedding in six di- 
mensional Euclidean space with coordinates y ..y as 
follows: 

fyy^- (5) 

R denotes the radius of the sphere. AdS$, — the five 
dimensional anti- deSitter space — can be described by its 
embedding in a six dimensional flat space with signature 
( h +++) spanned by coordinates a; , . . . x 5 as follows: 

(-°) 2 + (- 1 ) 2 -EM 2 -i? 2 . (6) 

i=2 

R is a parameter labelling the size of the AdS§ space. 
Note that we have used the same parameters R for both 
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S 5 and AdSs . This is intentional, since the S 5 and AdS§ 
appearing in the Maldacena conjecture are related this 
way.0 

Thus S 5 x AdSs is a ten dimensional space, and one 
side of the duality relation involves type IIB string theory 
on this ten dimensional space.^ Let us now turn to the 
other side of the duality conjecture. An M = 4 supersym- 
metric SU(N) gauge theory is an ordinary SU(N) gauge 
theory with four Majorana fermions and six scalars in the 
adjoint representation of the gauge group. Furthermore, 
all the Yukawa couplings and the scalar self-couplings 
are completely determined in terms of the gauge coupling 
constant using the requirement of supersymmetryUa Thus 
the only free parameters in the theory are the gauge cou- 
pling constant, and the vacuum angle 9 which does not 
affect perturbation theory. 

This finishes the definition of all the terms that ap- 
peared in the Maldacena conjecture. Since the conjecture 
relates a ten dimensional theory to a four dimensional 
theory, the exact meaning of this conjecture is not trans- 
parent. The precise form of this conjecture states that 
there is a one to one correspondence between the physical 
green's functions in type IIB string theory on S 5 x AdSs 
and the correlation functions of gauge invariant ovem~ 
tors in J\f = 4 super symmetric SU(N) gauge theorycBvl 
Such a relationship is possible because the physical exci- 
tations in AdS$ live on the boundary of AdS§, which in 
turn can be identified with a four dimensional flat space- 
time (after including 'points at infinity'). 

Type IIB string theory on S 5 x AdS$ has three di- 
mensionless parameters, — the string coupling constant 
g s t , a constant a related to the vacuum expectation value 
of a particular scalar field in the theory (known as the 
Ramond-Ramond scalar), and the ratio R/VcV, where R 
is the common radius of S 5 and AdS$ . On the other hand 
N = 4 supersymmetric Yang-Mills theory is also charac- 
terized by three parameters, the gauge coupling constant 
gYM, the vacuum angle 9 and the number N determin- 
ing the gauge group SU(N). The Maldacena conjecture 
gives a precise relation between these parameters: 

g st =9$ M , a = 9, -^= = (4n& M N) 1 /*. (7) 

There are many other examples of such conjectures 
which have been found. Typically such a conjecture takes 
the form of an equivalence relation between a string the- 

d Many of the concrete results arising out of this conjecture are 
better understood in its Euclidean version, obtained by making 
a Wick rotation x° — > ix° in eq.^. On the gauge theory side 
we consider Af = 4 supersymmetric SU (TV) gauge theory in the 
four dimensional Euclidean space instead of the (3+1) dimensional 
Minkowski space. 

c There are other background fields present on this space, but we 
shall not describe them here. 



ory / Ai-theory on a certain manifold K, and a quan- 
tum field theory. The precise form of this quantum field 
theory depends on the choice of the manifold K as well 
as on which theory we compactify. Since quantum field 
theories have intrinsic non-perturbative definition (even 
if explicit computations may be difficult) we can use this 
conjecture to give non-perturbative definitions of string 
theories in specific backgrounds. This makes certain re- 
gions of [/-theory accessible via the usual quantum field 
theory techniques. Here we shall discuss one particu- 
lar application of the Maldacena conjecture to the study 
of [/-theory — namely the derivation of the holographic 
principle. 

The holographic principle, first proposed by 't Hooft 
and then by Susskindp3e3 states that in a consistent 
quantum theory of gravity, the fundamental degrees of 
freedom reside at the boundary of space-time and not 
in the interior. Furthermore, on the boundary there is 
precisely one degree of freedom per Plank area. (If the 
original theory is (d + l)-dimensional, then here Planck 
'area' refers to a (d — 1) dimensional volume of order 
M~ l d+1 , where M p i is the Planck mass.) The Maldacena 
conjecture provides a concrete verification of this holo- 
graphic principle for type IIB on S 5 x AdS^. According 
to this conjecture the degrees of freedom in this theory 
can be identified as those of an J\f — 4 supersymmetric 
SU(N) gauge theory living on the boundary of AdS$. 
After proper ultraviolet regularization of the gauge the- 
ory (which amounts to infrared regularization in the type 
IIB string theory) one can count the total number of de- 
grees of freedom of the gauge theory. Dividing this by 
the volume of the boundary one finds of order one de- 
gree of freedom per Planck volume, as required by the 
holographic principles 

Although this illustrates the holographic principle in 
AdS space, extension of this principle to Minkowski space 
remains an open and challenging problem. 

3 Application of String Theory to Gauge Theo- 
ries 

We shall now discuss application of string theory to gauge 
theories. Since we have been discussing Maldacena con- 
jecture, we shall first discuss its application, and then 
turn to the (historically older) subject of gauge theories 
from branes. 

3.1 Maldacena Conjecture 

Since the Maldacena conjecture relates string theory to 
gauge theory, we can use it to study gauge theories using 
known results in string theory. This may sound strange, 
as we understand gauge theories much better than string 
theory; however as we shall see, in some region in the 
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parameter space the string theory side is better under- 
stood, and hence can be useful in deriving gauge theory 
results. For this let us look at the relation (0) between 
the string theory and the gauge theory parameters. If we 
consider the 't Hooft large N limitca on the gauge theory 
side: 

Sy-at -*•(), iV^oo, X = g YM N = fixed, (8) 
then it corresponds to the following limit in string theory: 
R 



9st -* 0, 



'a' 



(4ttA) 1/4 = fixed. 



(9) 



The smallness of g st implies that in this limit we can 
use classical string theory. Let us now further take the 
limit when the 't Hooft coupling A is large. In this case 
R/ycH is large and hence we can approximate string the- 
ory by its supergravity limit for computation of Green's 
functions with external momenta small compared to the 
string scale. Since these Green's functions are related to 
the correlation functions of gauge invariant operators in 
the gauge theory, we conclude that in the t' Hooft large 
N limit with large 't Hooft coupling A, the gauge theory 
correlation functions can be computed by studying clas- 
sical type IIB supergravity theory on S 5 x AdS^l Note 
that ordinary large N perturbation theory in gauge the- 
ory is useless in this limit, as it involves a series expansion 
in A. Thus this approach can give genuinely new results 
in gauge theory. 
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Figure 5: Computation of Wilson line — or equivalcntly, the quark 
anti-quark potential — using Maldacena conjecture. Here C is a 
closed curve in the four dimensional space-time, regarded as the 
boundary of AdSs, and S is a surface of minimal area in the in- 
terior of AdSs subject to the condition that C is its boundary. 
The Wilson line associated with the curve C in the Af = 4 super- 
symmetric gauge theory is given by the area of the surface S in 
AdS 5 . 

Here I shall discuss one example — the computa- 
tion of (non-dynamical) quark anti-quark p o t ential in 
the M = 4 supersymmetric gauge theoryoEl It turns 
out that using the Maldacena conjecture this problem 
can be mapped to the geometric problem of finding the 
minimal area surface bounded by a hxed curve at the 



boundary of AdS§ as illustrated in Fig.^|. This problem 
is easily solved, and the final answer for the potential is: 



V(r) 



Ny 



(10) 



where r is the separation between the quark and the anti- 
quark. Although the r dependence of the potential fol- 
lows from the conformal invariance of the gauge theory, 
the dependence on the coupling constant gym is novel 
since it is linear instead of quadratic as expected from 
perturbation theory. 

One can also use the Maldacena conjecture to study 
Af — 4 r siipersymmetric gauge theories at finite tempera- 
ture Te3H In this case we need to make the time direc- 
tion 

• Euclidean, and 

• periodic with period 2nT . 

This theory turns out to be dual to type IIB string theory 
on S 5 x K , where K is a new five dimensional manifold 
representing the Euclidean black hole solution in A0IS5. 
The boundary of this new manifold K is R 3 x S 1 , which 
is to be identified with the three space and the periodic 
time direction of the gauge theory. As in the case of the 
zero temperature theory, in the 't Hooft large N limit, 
with large 't Hooft coupling A for the gauge theory, the 
relevant type IIB string theory can be approximated by 
classical type IIB supergravity theory on S 5 x K. This 
description can be used to study various properties of the 
finite temperature gauge theory in this limit. Thus for 
example, the problem of finding the mass spectrum in 
the finite temperature gauge theory can be mapped to 
the problem of finding eigenvalues of certain differential 
operators on K. As an example we quote the relevant 
differential equation for determining the mass m n of the 
nth scalar 'glueball' (from the point of view of three di- 
mensional gauge theory obtained in the high temperature 
limit of the four dimensional gauge theory) 



^2^2 1 d 

7T 1 — 



pdp 



(p 5 -p)^] (11) 



where p, denoting the 'radial coordinate' in K , lies in the 
range 1 < p < 00. f n satisfies the boundary conditions 



df n 
dp 

fn 



= at p = 1 
-1 



as p — > 00 . 



(12) 



This converts a non-perturbative quantum field theory 
problem to a classical eigenvalue problem. This eigen- 
value problem can be solved by numerical methodsE3 

So far we have talked about supersymmetric gauge 
theories. It is natural to ask if these techniques can be 
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used for getting information about—pure SU (N) gauge 
theories. It was shown by Witten till that pure SU(N) 
gauge theory is dual to M-theory on S 4 x K 7 , where 
Kj is a particular seven dimensional manifold related 
to the Euclidean black hole solution in the seven dimcn- 
tional anti-de Sitter space. The temperature of this black 
hole, which is a parameter labelling the manifold K-j, cor- 
responds to the ultraviolet cut-off in the SU(N) gauge 
theory. In the limit 



N 



9ym 



0. 



gy M N = fixed but large , 



(13) 

Af-theory can be approximated by classical eleven di- 
mensional supergravity theory. Thus various properties 
of gauge theory in this limit can be studied using the 
classical supergravity theory on S 4 x Kj. In particular 
one can prove confinement and existence of a mass gap 
in the gauge theory in this limit. However, since pure 
SU(N) gauge theory is asymptotically free, in order to 
take the continuum limit, one needs to take the ultravi- 
olet cut-off to infinity, and the 't Hooft coupling gy M N 
to zero keeping a certain combination fixed. Unfortu- 
nately in this limit the classical supergravity is no longer 
a good approximation to M-theory. Thus application of 
these ideas to the study of large N gauge theory in the 
continuum limit remains an open problem. 

3.2 Gauge Theories from Branes 

Let me now discuss another approach that has been 
useful in denying gauge theory results from string 
theoryHoE§E3 This involves the study of branes. His- 
torically this preceeds the Maldacena conjecture, and in 
fact Maldacena arrived at his conjecture by examining a 
special configuration of branes. 

Branes are static classical solutions in string theory 
which arc known to exist in many string theories. A p- 
brane denotes a static configuration which extends along 
p spatial direction (the tangential directions) and is local- 
ized in all other spatial directions (the transverse direc- 
tions). Thus the solution is invariant under translation 
along the p directions tangential to the brane, as well as 
the time direction, and approaches the vacuum configu- 
ration as we go away from the brane in any one of the 
transverse direction. Thus in this language, 
1-brane = string 
2-brane = membrane 
0-brane = particle 
etc. Typically the quantum dynamics of a configuration 
of p-branesJsjiescribed by a (p + 1) dimensional gauge 
field theorypZlO and the coupling constant of this quan- 
tum field theory is related to the coupling constant of 
the string theory of which the brane configuration is a 
solution. In this case duality symmetries relating strong 



and weak coupling limits of the original string theory can 
be used to derive duality relations involving the quantum 
field theories describing the dynamics of the brane. This 
approach has been used to derive many different results 
in supersymmetric gauge theories. Some example are: 

• Derivation of Montonen-Olive doialityEl in Af = 4 

supersymmetric gauge theoriesEll 

• Derivation of Seiberg- Witten like, resiilisll in Af = 

2 supersymmetric gauge theoriesE30'L3 

• Derivation of a special-kind of symmetry, known as 
the mirror symmetry^ in (2+1) dimensional gauge 
theories 

• Derivation of Seiberg dualities involving 
Af = 1 supersymmetric gauge theories in (3+1) 
dimensionsE3'E3 



Our 
brane 



Bulk 



Shadow 
brane 



Figure 6: Possibility of novel compactifications involving branes. 
Our brane hosts the standard model fields, the (9+1) dimensional 
'bulk' hosts gravity and its superpartners, and the shadow brane 
hosts other fields which communicate to us via gravitational in- 
teraction. Supersymmetry may be broken at a high scale in the 
shadow brane, and yet have relatively small effect in our brane due 
to the weakness of gravitational interactions. 

Existence of branes in string theory has also given 
rise to the possibility that the standard model gauge 
fields arise from branes rather than in the bulk of space- 
time. This corresponds to novel compactifications in 
which gravity lives in the bulk of the ten dimensional 
space-time, but the other observed fields (quarks, lep- 
tons, gauge particles etc.) live on a brane of lower 
dimensional. In particular we might imagine a scenario in 
which the standard model fields live on a three brane, the 
directions transverse to the three brane being compact, 
and the directions tangential to the three brane describ- 
ing the usual three dimensional space. There may also 
be other branes, separated from us in the extra direc- 
tions, forming 'shadow worlds' ! This situation has been 
illustrated in Fig.^. Since the usual gauge and matter 
fields live on the brane, they do not see the extra trans- 
verse directions; the only long range interaction which 
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sees the extra directions is gravity. This allows the ex- 
tra dimensions to be much larger (~ 1mm) than in the 
conventional compactification scheme, the most stringent 
bound coming from tests involving the inverse square law 
of Newtonian gravityEJ This fact has beepjised in recent 
proposals for superstring model buildingE3 

4 Summary 

It is now time to summarise the main results. We have 
seen that string theory has had a reasonable success in 
providing a consistent quantum theory of gravity. In par- 
ticular we have achieved: 

• Finiteness of perturbation theory, 

• Partial resolution of the problems associated with 
quantum theory of black holes, 

• Explicit realization of holographic principle for a 
special class of space-time, and 

• (3+1) dimensional theories with gravity, gauge in- 
teractions, chiral fermions and TV = 1 supersym- 
metry, closely resembling the standard model. 

String theory has also provided us with an internally con- 
sistent and beautiful theory. In particular string duality 
provides us with 

• Unification of many different string theories, 

• Unification of elementary and composite particles, 
and 

• Unification of classical and quantum effects. 

Progress in string theory has also dramatically improved 
our understanding of supersymmetric quantum field the- 
ories. 

Unfortunately, there are still no concrete new pre- 
dictions of string theory at low energies. We shall have 
to wait and see if the situation improves during the next 
few years. 
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